Ribosomal genes are associated with a set of silver-stained nucleolar proteins, the Ag-NOR proteins, whose amount is directly related to the duration of the cell cycle. Quantification of Ag-NOR proteins by image analysis is presently used to evaluate the rate of proliferation of cancer cells and nucleolar activity. Our objective was to establish a procedure to quantdy independently each major Ag-NOR protein in cell extracts. Computerized densitometry established that the specific silver staining of Ag-NOR proteins (Ag-NOR staining) performed on Western blots makes it possible to quantdy AgNOR proteins. Using putified Ag-NOR proteins, nucleolin, and protein B23, we observed that the intensity of Ag-NOR staining is proportional to the amount of protein. A linear relationship exists between the intensity of Ag-NOR staining and the amount of nucleolin, in the range
Introduction
Ribosomal genes are associated with a subset of proteins that can be detected by a cytochemical reaction, as first described in the 1970s (6). This cytochemical method is based on the specific argyrophilic affinity of some nucleolar proteins, the Ag-NOR proteins. This cytochemical method, referred to as AgNOR staining, has been further simplified and standardized and is now widely used, especially for the analysis of the nucleolar organizer regions (NORs) in cancer cells (4,5).
In particular, because it has been proposed that the amount of Ag-NOR proteins is correlated with the duration of the cell cycle (3, 17) , it was suggested to be a prognostic factor for cancers. Finally, the quantification of Ag-NOR proteins is already included in the series of tests that are performed in hospitals to characterize human cancers. In situ estimation of the Ag-NOR proteins is carried out by image analysis of the silver-stained surface in the nucleoli. Low amounts of Ag-NOR proteins indicate a very low cell proliferation rate, and large amounts a high proliferation rate. However, Supported in part by grants from the Centre National de la Recherche Scientifque and the Association pour la Recherche sur le Cancer (Contrat 6703). PR is recipient of a grant from MinistSre de la Recherche et de la Technologie, France.
Correspondence to: D. Hernandez-Verdun, Inst. Jacques Monod, 2 Place Jussieu, 75251 Paris Cedex 05, France. of 0.2-1.6 pg. Using total nuclear extracts prepared from mammalian cells, the proportionality was maintained for total Ag-NOR-stained proteins or for a particular protein.
We also determined the levels of nuclear proteins suitable for quantitative analysis. Individual Ag-NOR proteins can be quantified by computerized densitometry in nudear extracts after Ag-NOR staining on Westem blots. This procedure can be applied to establish the contribution of each Ag-NOR protein in general staining, estimate the variability of each Ag-NOR protein in normal and pathological conditions, and quantify each Ag-NOR protein contained per cell. (J Hisrochem Cytochem 42:1513 -1517 , 1994 this estimation is global and gives no information on the Ag-NOR proteins responsible for this variability.
To characterize individually the Ag-NOR proteins, we have recently adapted the in situ Ag-NOR staining method to protein samples electrophoresed and transferred onto nitrocellulose membranes. This staining procedure, designated Ag-NOR staining on Western blots, leads to similar detections of Ag-NOR proteins on Western blots and on fixed cells (9). Ag-NOR staining appeared to be specific for a subset of nucleolar proteins because the same bands were observed when nucleolar, nuclear, or total cell extracts were used. Five major Ag-NOR proteins are present in human cells, among them nucleolin and protein B23 (15; and Roussel and Hemandez-Verdun, submitted for publication).
In the present work, we propose a procedure that allows quantification of the different AgNOR proteins. Using computerized densitometry, it can be shown that the intensity of the positive bands obtained after Ag-NOR staining on Westem blots is proportional to the amount of purified Ag-NOR proteins nucleolin and protein B23. The proportionality between the amount of Ag-NOR proteins and the intensity of Ag-NOR staining is maintained in mixtures of proteins, such as nuclear extracts prepared from three different cell lines. Quantitative analysis can be carried out on the total Ag-NOR-staining pattern or on a particular Ag-NOR-stained band. Finally, the detection threshold and the upper limit corresponding to saturation of Ag-NOR staining were defined. Ag-NOR Staining on Western Blots. For Ag-NOR detection, the membranes were stained in plastic culture dishes, all solutions being prepared in freshly deionized water. The membranes were pre-treated twice with 20% ethanol for 10 min and the AgNOR staining method with gelatin colloidal developer was used as previously described (9) with a 2:1 (vlv) ratio of staining Solutions A (0.5 glml Ag-NO3 in water) and B (1 g gelatin in 100 ml of water containing 1% formic acid). Samples were stained for 8-12 min in staining Solutions A + B at room temperature under continuous stirring, and staining was then stopped by thorough rinsing in water.
General Requirements for Computerized Densitometric Analysis of Ag-NOR Staining. Homogeneous staining was achieved by a large volume of staining solution and continuous stirring. To prevent heterogeneous background, the stained membrane was vacuum-dried at 40°C for 15 min using a gel dryer (Bio-Rad).
Computerized Densitomeaic Analysis. A11 samples to bc compared were electrophoresed in parallel. To minimize variations independent of samples, all steps including electrophoresis, transfer, and Ag-NOR staining were performed simultaneously. For quantification, stained membranes were scanned using Ofoto 1.0.1 on Onescanner and Quadra 700 (Apple). The 256 gray-scale scans were analyzed using Image 1.54 (Wayne Rasband, NIH) without thresholding or enhancing to conserve a linear dose-response. A density profile was generated of each lane corresponding to Ag-NOR-stained samples. The integrated value of each density profile corresponds to the intensity of Ag-NOR staining of the total Ag-NOR proteins. When necessary, a particular peak was integrated to measure the intensity of Ag-NOR staining in a particular Ag-NOR protein. Graphs were obtained using Cricket Graph 1.32. 
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Results
Materials and Methods
Cells and Purified Proteins. HeLa cells were cultured in MEM (Flow Laboratories; Paris, France) supplemented with 10% fetal calf serum. Chinese hamster wary (CHO) cells were grown in aMEM (Eurobio; Paris. France) supplemented with 10% fetal calf serum. Morris hepatoma cells were grown in F12 (Flow Laboratories) supplemented with 10% fetal calf serum. Cells were seeded three times a week and extracts were prepared 24 hr after seeding from exponentially growing cells. Purified nucleolin from CHO was a gift of F. Amalric and P. Belenguer (Toulouse, France). Purified protein B23.1 (18) was a gift of M. Olson Uackson. MS).
blots is related to the amount of proteins loaded on a SDS-polyacrylamide gel and transferred onto a nitrocellulose membrane. After electrophoresis and transfer of nucleolin (0.2, 0.4, 0.8, and 1.6 pg) purified from CHO cells, the membrane was Ag-NORstained ( Figure 1A) . The major positive band of 100 KD corresponding to native nucleolin was analyzed by computerized densitometry and the integrated density value of each 100 KD band was correlated with the amount of nucleolin loaded onto the gel (Figure 1B) . The good linearity obtained indicates proportionality between the intensity of the Ag-NOR-stained 100 KD protein and the amount of nucleolin loaded onto the gel. Since no plateau was reached.
-Western Blotting. Actively growing cells were washed in a l m r e medium without serum. Cells were lysed at 4'C in TKM buffer (10 mM >is-HC1. pH 7.4, 10 mM KCI, 3 mM MgC12)containing 0.4% Nonidet P-40, 1 mM PMSF (phenylmethylsulfonyl fluoride), 10 pg/mi aprotinin, 1 pg/ml pepstatin, and 1 pglml leupeptin; the nuclei were isolated and the proteins suspended in sample buffer (IO) as described (IS). Protein concentration was evaluated using the BCA Protein Assay Reagent (Pierce; Rockford. IL) before addition of sample buffer.
Protein samples were electrophoresed in 10% SDS-polyacrylamide gels in Protean I1 cell (Bio-Rad; Richmond, CA). Size standards from 200 to 14 KD (Bio-Rad) were included on each gel. The polypeptides were electrotransferred to reinforced nitrocellulose membranes (BA-S 83) (Schleicher & Schuell; Dassel, Germany).
Staining WaS not saturated for 1.6 pg Of purified nucleolin. The minimal amount of nucleolin currently detected after Ag-NOR staining on Western blots was ~1 0 0 ng. Using purified protein B23. a good proportionality between the intensity ofAg-NOR staining and the ofprotein ~2 3 also observed (data not shown).
protein ~~t~~~t
The Same staining procedure was Pre-Pared from Morris hepatoma cells for amounts ranging from 2-20 pg. The Ag-NOR-stained lanes exhibited two major Ag-NOR- Nuclear proteins (pg) tionality exists between the intensity of Ag-NOR staining and the amount of protein ( Figure 2B ). For nucleolin and protein B23, the intensity of Ag-NOR staining is also proportional to the amount of nuclear proteins loaded onto the gel, since a good linearity was observed ( Figure 2C ). To define the saturation limit of Ag-NOR staining for total Ag-NOR proteins or for the two major Ag-NOR proteins present in nuclear extracts, increasing amounts of nuclear proteins ranging from 5-45 pg were loaded onto the gel. The results obtained showed direct proportionality between total staining intensity and amount of protein, in the range of 5-30 pg. A plateau was reached at ~4 5 vg, indicating staining saturation ( Figure 3A) . By measuring the intensity of Ag-NOR staining of the two major Ag-NOR proteins, staining saturation was observed with 30 pg of nuclear extracts for nucleolin and with 45 pg for protein B23 (Figure 3B ). Thus, 30 pg of nuclear proteins prepared from Morris hepatoma cells constitutes the upper limit that still yields proportional staining of Ag-NOR proteins.
A similar range of proteins (2-30 pg) led to the same proportionality of Ag-NOR staining for HeLa and CHO nuclear extracts (data not shown).
A
Discussion
Interest of Ag-NOR Protein Quanti-cation
Ag-NOR staining has been described as a cytochemical method that is useful with light and electron microscopy to detect the nucleolar proteins designated Ag-NOR proteins in all species from yeast to humans (2, 6, 7, 8, 14, 16) . In human cancer cells, it has been demonstrated that Ag-NOR staining of nucleoli varies depending on cell proliferation (3, 4, 13) in relation to the fraction of cells in S-phase (12). This variability is estimated by image analysis of general staining of the nucleoli. In human pathology, this is a criterion to evaluate cell proliferation rates with a prognostic value (4,5,19) . The in situ quantification of Ag-NOR staining makes it possible to estimate global variations of Ag-NOR proteins. Since there are several Ag-NOR proteins (1,9,11; and Roussel and Hernandez-Verdun, submitted for publication), this global quantification does not allow identification of the proteins responsible for the variability of Ag-NOR staining. B positive bands and a few less reactive bands (Figure 2A ). As already demonstrated, one of the major Ag-NOR proteins (105 KD) is nucleolin (IS), and the other (composed of polypeptides of 37 and 38 KD) is protein B23 (Roussel and Hernandez-Verdun, submitted for publication). For each lane corresponding to increasing amounts of nuclear proteins loaded onto the gel, the intensity of Ag-NOR staining of all the Ag-NOR proteins or of the two major Ag-NOR proteins was determined by computerized densitometry. A propor-
Quanti-cation of Individual Ag-NOR Proteins
The aim of this study was to establish a procedure that would allow quantification of a single AgNOR protein and of all the Ag-NOR proteins present in cell extracts.
First, the conditions ensuring homogeneous staining without variability of background level on the membrane surface were defined. Rapid and uniform drying after Ag-NOR staining led to a low and homogeneous background level that did not disturb the computerized densitometric analysis. It was then established that Ag-NOR staining on Western blots led to a quantitative analysis of Ag-NOR proteins. Indeed, computerized densitometry showed that the intensity of Ag-NOR staining was proportional to the amount of two purified Ag-NOR proteins, nucleolin and protein B23. Moreover, this quantification could be carried out using mixtures of proteins that simulated in situ staining. In cell extracts as in nuclear extracts, this procedure made it possible to quantify the total Ag-NOR proteins or individual Ag-NOR proteins and thus to estimate the role of each Ag-NOR protein in the variability of total Ag-NOR staining.
The range in the amount of proteins that allows quantification of individual Ag-NOR proteins in nuclear extracts was defined for three cell lines known to possess high levels of Ag-NOR proteins. However, depending on the concentration of the Ag-NOR proteins, the range in the amount of proteins ensuring proportional Ag-NOR staining must be determined, in particular the saturation limit that certainly varies in different cell models. In each case, the highest amount that can be used for quantitative analysis after Ag-NOR staining on Western blots should be determined on the major Ag-NOR proteins. This saturation limit is probably due not only to saturation of Ag-NOR staining but also to overloading on the SDSpolyacrylamide gel, producing poor separation of major proteins, and to the binding capacity of the nitrocellulose membrane used for Western blotting.
Conclasions
In the present work we demonstrate that quantification of individual Ag-NOR proteins can be performed by computerized densitometry using Ag-NOR staining on Western blots within certain limits. In addition, because this quantification is carried out on Western blots, Ag-NOR proteins can also be identified by their size and isoelectric point and by immunostaining.
This protocol constitutes a basic method to analyze the role of the major Ag-NOR proteins, as well as new proteins, in the global variations of Ag-NOR staining observed in cancer cells. Moreover, quantification of Ag-NOR proteins during the cell cycle will provide useful information on the relationship between Ag-NOR proteins and S-phase and/or ribosomal gene transcription.
